Background: The current surgical procedure of choice for lumbar intervertebral disc (IVD) herniation is discectomy. However, defects within IVD produced upon discectomy may impair tissue healing and predispose patients to subsequent IVD degeneration. This study aimed to investigate whether the use of an acellular bioresorbable ultra-purified alginate (UPAL) gel implantation system is safe and effective as a reparative therapeutic strategy after lumbar discectomy. Methods: Human IVD cells were cultured in a three-dimensional system in UPAL gel. In addition, lumbar spines of sheep were used for mechanical analysis. Finally, the gel was implanted into IVD after discectomy in rabbits and sheep in vivo. Findings: The UPAL gel was biocompatible with human IVD cells and promoted extracellular matrix production after discectomy, demonstrating sufficient biomechanical characteristics without material protrusion. Interpretation: The present results indicate the safety and efficacy of UPAL gels in a large animal model and suggest that these gels represent a novel therapeutic strategy after discectomy in cases of lumbar IVD herniation.
Lumbar intervertebral disc (IVD) herniation is a primary cause of unilateral leg pain and the most common cause of daily living limitation in individuals younger than 45 years of age [1, 2] . Discectomy is performed to remove IVD material and relieve the pain inflicted by nerve root compression. However, the defect within IVD produced by discectomy may not readily heal, which may predispose patients to further IVD degeneration. As a result, there is the potential for reherniation and recrudescence of symptoms, which can necessitate additional surgery [3] . Surgeons may therefore resort to excessive IVD removal (with the aim of preventing further herniation), by extracting even intact elements within the IVD [3] . Although this strategy may lower the risk of reherniation, published data indicate that IVD degeneration subsequently intensifies, resulting in worse clinical outcomes and long-term back pain [3] [4] [5] .
The IVD has two components: the nucleus pulposus (NP, the interior structure) and the annulus fibrosus (AF, the outer layer). NP is rich in glycosaminoglycans, proteoglycans, and type II collagen, and it is highly hydrated, such that physiologic osmotic pressures readily dissipate any mechanical forces transmitted through the spine [6] . Because IVD degeneration is marked by a loss of hydration in, and degradation of, the NP extracellular matrix [6] , a promising strategy for restoring IVD functions in less advanced degenerative states has been NP regeneration [7] [8] [9] [10] . However, the regeneration capacity of IVDs is limited, as viable cells capable of replicating a tissue-specific phenotype are scarce in the IVD [11] . In addition, although an IVD in a live animal experiences dynamic loading during daytime, thereby enhancing the transport of nutrients and waste products [12] , poor nutritional supply to the cells of the avascular IVD is one of the inherent obstacles to IVD regeneration [9, 10, 13] .
Biological methods of IVD repair have gained interest as alternatives to NP regeneration [14] [15] [16] . The use of injectable defect-filing hydrogels for IVD tissue implantation has been attempted in fundamental and translational research [14, [17] [18] [19] [20] [21] . However, precursor hydrogel injections normally congeal under body temperature, and they may be extruded due to high intradiscal pressure before the congelation [7] . There have been no exhaustive biomechanical investigations of hydrogels using clinically relevant loads, such as those assessing metallic spinal implants in the context of daily human activity, which are thought to be essential for regulatory review process.
Alginate is an anionic polysaccharide distributed in the cell walls of brown algae and is widely used as a pharmaceutical additive. Sodium alginate is the sodium salt of alginate; it remains in the sol condition in aqueous solution and can be gelated by the addition of CaCl 2 . This character has been applied for human mesenchymal stem cell proliferation and chondrogenic differentiation in a three-dimensional (3D) alginate scaffold [22, 23] . In addition, fundamental research in this area has shown that alginate promotes IVD repair [16, 17, 24] . However, the high concentration of endotoxins found in this naturally occurring gel is undesirable for a medical material retained in the human body. Commercial-grade alginates have been shown to contain 10-20 mitogenic impurities, which include natural substances and bacterial contaminants that incite immunogenic reactions [25] . In addition, the non-thermoresponsive nature of alginate hydrogel, which is normally polymerized in vitro before in vivo implantation, is an issue for clinical application. An efficient mechanism for the in vivo delivery of alginate hydrogel remains an unmet need in this setting [7] .
There are no clinically available hydrogels for use in discectomyassociated defects, and there is still a need for innovation in terms of clinical safety and efficacy. Here, we report the use of an acellular bioresorbable ultra-purified alginate (UPAL) gel implantation system to prevent post-discectomy IVD degeneration. The UPAL gel is highly purified with reduced endotoxicity (b1/10,000 compared to conventional alginate) that could be used for any biomedical or clinical applications [26] [27] [28] . In addition, our implantation strategy uses CaCl 2 surface coverage for rapid curing (~5 min) of the alginate gel, which then conforms to variously shaped defects without covering or suturing the AF. The in situ forming gel has potential effects regarding in vivo delivery of the alginate, thereby potentially reducing the risk of extrusion of the material. Although a high concentration of calcium ions is known to strengthen the alginate gel, exposed cells are then at risk of apoptosis [29] . Reducing the cytotoxicity of CaCl 2 would be ideal in this circumstance. In addition, CaCl 2 can be easily washed away after gelation. We show that this novel treatment led to reparative tissue proliferation and improved IVD water content in a rabbit and sheep model of discectomy. Sheep are widely used in both biomechanical and material implantation preclinical models because of their bioanatomic similarities to humans [19, 30, 31] . We have developed a good manufacturing practice (GMP) formulation that is now positioned for first-in-human clinical trials.
Materials and methods

Study design
Animal models were designed to assess whether acellular UPAL gel provides a biomatrix scaffolding suitable for IVD repair after discectomy and to investigate the potential reparative mechanisms entailed in UPAL gel implantation. The primarily explored parameters were: (i) potential IVD cell viability, apoptosis, and proliferation in 3D alginate composites; (ii) biomechanical properties of functional spinal units (FSUs; vertebra-IVD-vertebra) after UPAL gel implantation; (iii) reparative capacity of degenerative IVDs in vivo; (iv) biologic safety testing after UPAL gel implantation, examining systemic and local toxicities; and (v) potential mechanisms of IVD repair via UPAL gel implantation.
The ethics committee of the Hokkaido University Graduate School of Medicine (Hokkaido, Japan) approved the use of human IVDs. Animal procedures incorporated were approved by the Institutional Animal Care and Use Committee at Hokkaido University, Hamri Co., Ltd., and Hatano Research Institute.
Rabbit (male Japanese white rabbit; age, 20 weeks; weight, 2.8-3.5 kg) and sheep (male Suffolk sheep; age, 2 years; weight, 40-60 kg) models were used. The sample size for the rabbit model was determined for each of the three time points used here through previous studies [8, 9] . For the sheep model, we performed a power analysis on the basis of our preliminary study (unpublished data). The treatments were randomized across scientific team members who performed the surgical procedures and postsurgical care. The surgical procedures were performed by one surgeon. Three IVDs (two in rabbits and one in sheep) were excluded owing to surgical complications. The treatments were randomized and blinded from team members who performed the surgical procedures and postsurgical care.
Preparation of human NP cells
Human NP samples were obtained from T12-L1, L1-L2, and L2-L3 levels (total 27 IVDs) from nine patients (mean age ± standard deviation, 15.3 ± 3.3 years) who underwent anterior spinal fusion for adolescent idiopathic scoliosis in Hokkaido University Hospital. The samples were taken during the surgical procedure. Before surgery, all IVDs were analysed by MRI and graded for degenerative changes using the
Research in context
Evidence before this study
The use of injectable defect-filing hydrogels for osteochondral defect has been attempted in fundamental and translational research. Especially, fundamental research in this area has shown that alginate promotes osteochondral repair. However, the high concentration of endotoxins is undesirable for a medical material retained in the human body. We have developed an acellular bioresorbable ultra-purified alginate (UPAL) gel implantation system. The gel is highly purified with reduced endotoxicity (b1/10,000 compared to conventional alginate) that could be used for any biomedical or clinical applications. Our previous studies showed that UPAL gel enhanced osteochondral repair in a rabbit model.
Added value of this study
As a similar lesion of chondral defect, there is a defect within intervertebral disc (IVD) produced by discectomy for lumbar IVD herniation. Currently, there are no clinically available hydrogels for use in discectomy-associated defects, because they may be extruded due to high intradiscal pressure before the congelation. Our implantation strategy uses CaCl 2 surface coverage for rapid curing of the alginate gel, which then conforms to variously shaped defects without covering or suturing the surface of the IVD. In this study, the UPAL gel showed sufficient biomechanical properties without material protrusion after discectomy. In addition, we show that UPAL gel promotes IVD repair in translational models of IVD degeneration and that the UPAL-based approach is safe and does not elicit toxic effects based on International Organization for Standardization and Good Laboratory Practice standards.
Implications of all the available evidence
This preclinical proof-of-concept study shows the potential safety and efficacy of UPAL gel as an acellular endogenous reparative therapeutic strategy after discectomy that shows superiority to discectomy alone. Given that there are no current therapies for the repair of IVD defects produced by discectomy, our novel therapeutic strategy presented here has clinical potential. We are now conducting a first-in-human clinical trial in patients with lumbar IVD herniation.
Pfirrmann classification system [32] . All IVDs were grade 1, suggesting that all the samples were non-degenerated IVDs.
The cells were isolated from the human NP samples and cultured as previously described [8, 9, 33] . Briefly, each gel-like NP was separated from AF under a dissecting microscope. The tissue specimens were placed in a complete culture medium containing Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA, glucose concentration; 4.5 mg/ml) supplemented with 10% foetal bovine serum (FBS; Nichirei Bioscience, Tokyo, Japan), 1% penicillin/streptomycin, and 1.25 mg/ml fungizone (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). The preparations were washed twice by centrifugation (1000 rpm, 3 min) and resuspended in DMEM supplemented with 0.25% collagenase (no.032-22,364, Wako Pure Chemical Industries). For cell isolation, the preparations were incubated in a shaking incubator (2%O 2 , 5% CO 2 , 37°C, 4 h) and then centrifuged twice (1000 rpm, 3 min). Cells that were separated from the matrix were placed in 10-cm tissue culture dishes and incubated in a humidified atmosphere (2%O 2 , 5% CO 2 , 37°C, 4-6 weeks).
Preparation of alginate gel and 3D NP cell-alginate composites
UPAL gel (Mochida Pharma Co. Ltd., Tokyo, Japan) at two viscosities was prepared (LV-UPAL, 100-200 mPa/s; and NV-UPAL, 400-600 mPa/s) in addition to CAL (sodium alginate, #199-09961, 400-600 mPa/s, Wako Pure Chemical Industries, Osaka, Japan). Alginate in seaweed was extracted via conversion to water-soluble sodium alginate. Caustic soda was added to extract sodium alginate from swollen seaweed. The aqueous alginate solution was then isolated via a clarification procedure. As this aqueous alginate solution was highly viscous, this solution was diluted with large quantities of water prior to clarification. This processing stage utilizes proprietary unpublished know-how technology. Seaweed extract was then filtered to separate sodium alginate solution from fibrous seaweed residue.
To isolate alginic acid from diluted sodium alginate solution, an acid was added. In an acidic system, insoluble alginic acid was precipitated and isolated. The acid precipitation method is also based on know-how technology and is particularly suitable to produce high-quality alginic acid. The viscosity values were established by the manufacturer. The mannuronic acid/guluronic acid (M/G) ratio of the alginates was 1.0:1.4. For the in vitro and in vivo studies, we used sodium alginate solution (2% w/v) [16, 17] dissolved in phosphate-buffered saline (PBS; Wako Pure Chemical Industries) and 102 mM CaCl 2 for all three groups. The endotoxin level of UPAL was 5.76 EU/g and that of CAL was 75,950 EU/g [26] . After two passages, the NP cells were dissociated from monolayers and encapsulated in 3D alginate beads [34] for in vitro experiments.
Cell viability and apoptosis analysis
At 2, 7, 14, and 28 days after encapsulation, live and dead cells were detected using calcein-AM cell-permeant dye and propidium iodide (PI) (Dojindo, Kumamoto, Japan) and confocal laser-scanning microscopy (Fluoview FV300; Olympus, Tokyo, Japan). Counts of live and dead cells in the beads were obtained manually. Four fields, each containing at least 15 cells, were counted in each area [33, 35] ) were monitored via flow cytometry (BD Biosciences), and the results were combined during analysis [9] .
Cell proliferation assay
At 3 h and at 3 or 7 days after encapsulation, alginate beads were dissolved in 50 mM ethylenediaminetetraacetic acid (EDTA). Viable cells were counted at each time point (Cell Counting Kit-8 [CCK-8]; Dojindo) as per the manufacturer's protocol. Cell viability was measured by using a microplate reader (Bio-Rad, Life Sciences Research, Hercules, CA, USA) at 450-nm wavelength [26] .
Serum starvation
At 7 days after encapsulation, human NP cells were washed with PBS, followed by two washes in DMEM to remove any remaining culture medium, and the cells were then incubated at 37°C, 5% CO 2 , and 20% O 2 in serum-deprived medium, which consisted of DMEM supplemented with 1% penicillin/streptomycin and 1.25 mg/mL fungizone. Because our prior work showed that significant NP cell apoptosis occurs 48 h after serum starvation [10] , the cells were harvested and analysed at 48 h after serum withdrawal. NP cells that were not subjected to serum starvation served as untreated controls. Serum starvation leads to in vitro IVD degeneration [9, 10, 33] . At two time points (6 h and 48 h) after serum starvation, cell viability and apoptosis analyses were performed using confocal laser-scanning microscopy and flow cytometry, respectively.
Unconfined compression tests
UPAL and CAL gel (diameter, 4.5 mm; thickness, 2 mm) were subjected to unconfined compression testing [7, 36] , which was performed using a tensile-compressive mechanical tester (AutographAG-X; Shimadzu, Kyoto, Japan). The gels were compressed at a constant speed of 0.5 mm/min, and Young's moduli were derived from linear regions between 10% and 20% compression strain of stress/strain curves (4 gels per group). These unconfined tests did not mimic the IVD; however, they were used to assess the mechanical properties of UPAL gels compared to those of CAL gels.
Biomechanical testing
Lumbar (L) spines of 15 sheep were used for biomechanical testing; 8 sheep were randomly selected for static loading experiments, and 7 were randomly selected for dynamic loading experiments. L1-L2, L3-L4, and L5-L6 FSUs were cut out from each spine and cast in polyester resin moulds (Ostron II; GC Corp, Tokyo, Japan), with reinforcement by 3-mm diameter screws [37] . Supraspinous and interspinous ligaments were transected, whereas intertransverse ligaments and transverse processes were preserved.
For the static loading test, left-sided unilateral facetectomy and partial discectomy were performed. Partial discectomy represented transection of the posterior longitudinal ligament and posterior aspect of AF combined with removal of the NP [38] . This procedure is based on standard clinical surgical technique for lumbar IVD herniation, therefore, the model is suitable to evaluate whether the UPAL gel herniates from the IVD and to evaluate biomechanical behavior of the gel in the clinical setting.
An AF incision (5 mm width × 3 mm height) was made [39] , and 0.20 g of NP was removed from each disc. The AF incision is equivalent to 8 mm width × 8.5 mm height in adult human IVDs [40] . To confirm that UPAL gel does not herniate under more severe IVD defects, double the amount of NP was removed relative to that in the previous in vivo sheep model [39, 41, 42] . The vertebrae were not decompressed to facilitate injection of the gel. The UPAL solution (150-250 μl) was injected into FSUs in the UPAL gel group after discectomy without pressurization; 102 mM CaCl 2 solution was then injected on top of the UPAL solution for gelation, and biomechanical testing was performed 1 h later. The specimens were placed onto a dual column table top model testing system (Model 5943; Instron Corp, Norwood, MA, USA), and a preconditioning load was applied for compression loading. Preconditioning lasted several minutes up to −300 N (minus indicates compression loading) at a constant speed (1 mm/min). Thereafter, the specimens were released from the preload before applying the other load, followed by assessment of bilateral axial rotation (±6 Nm), in turn followed by bilateral axial rotation, flexion, extension, and bilateral bending tests (±6 Nm) in sequence [37, 38] . The levels of the moments were selected on the basis of previous nondestructive biomechanical tests using cadaveric lumbar spine segments to assess physiologic movements in the specimen [37, 38, 43, 44] . Finally, compression loading (up to −1000 N) was assessed at a constant speed (1 mm/min) [45, 46] . The compression loading of 1000 N in sheep IVD is equivalent to the pressure on human lumbar IVDs when lifting a weight of 20 kg with a rounded back posture [45, 46] . Compression stiffness was calculated on the basis of the linear regression of the load-displacement curve between 60% and 100% of the maximal load [21] or between −400 N and −600 N [47] . Because the present biomechanical characteristics were assessed under a physiological range of load in the context of daily human activity, analysis of breaking strength, such as load under which the FSU or IVD collapses, was not performed to measure the strength of the IVD. The range of motion measurements under flexion-extension and bilateral bending was recorded as the angle change in a testing jig that was previously reported [37] .
For the dynamic axial loading test, a sinusoidal load between −300 N and 300 N was applied for 1000 cycles at 1 Hz after −300 N preloading, using the Instron Model 5943 instrument, as described previously [19] . Specimens were released from the preload before application of the dynamic load. A tensile force on FSUs is not applied in vivo; however, only two previous studies have performed a dynamic axial loading test, using a hydrogel [19, 20] and we reviewed previous studies [19, 20] to evaluate stiffness during the dynamic loading test. Although the previous studies limited the cycle range to 20 cycles (±300 N at 1 Hz) [19, 20] , we selected a larger number of cycles considering clinically relevant cycles in the context of daily human activity, wherein an individual stoops down 10 times per day to the day of approximate disappearance period of the gel (100 days). Compression stiffness was calculated from linear regression of the load displacement between −200 N and− 300 N at 1000 cycles (6 or 7 FSUs per group) [19] .
In vivo validation in rabbit and sheep IVD degeneration model
Currently, there are no clinically available alginates comparable with the UPAL gel. In addition, we previously reported that implantation of the UPAL gel significantly improved the reparative tissue of osteochondral defects compared to the CAL gel in a rabbit model [26] . Hence, we did not include the CAL gel arm in our in vivo trials from the standpoint of animal protection.
Forty rabbits were used for in vivo UPAL gel implantation. Of these rabbits, 24 were randomly selected for qualitative analysis of IVD degeneration (MRI, histology, and IHC), and a total of 70 IVDs were randomly allocated for IVD degeneration analysis of the intact control, aspirated alone, and UPAL gel groups (7 or 8 discs per group). The remaining 16 rabbits were used for qualitative analysis of GD2 + Tie2 + cells, which are NP progenitor cells [48] using frozen sections of rabbit NPs; a total of 48 IVDs were randomly allocated to the three groups described above. Under general anaesthesia (pentobarbital sodium, 30 mg/kg) and local anaesthesia (1% lidocaine), the spine was located via a retroperitoneal approach. AF punctures were performed using 18-gauge needles, aspirating the NPs using 10-ml syringes at the L2/3 and L4/5 IVDs. L3/ 4 IVDs were left intact as controls. In the UPAL gel group, IVD defects were filled with UPAL solution (20 μl) using a microsyringe (Hamilton Medical, Switzerland) and a 25-gauge needle. Then, 102 mM CaCl 2 (1 ml) was injected on top of the UPAL solution for gelation. Five minutes later, the operative wound was irrigated with normal saline and closed. Rabbits were sacrificed by intravenous injection of overdosed pentobarbital at 4, 12, and 24 weeks after surgery for analysis of IVD degeneration or at 2 and 4 weeks after surgery for qualitative analysis of GD2 + Tie2
+ cells.
For the sheep model, the in vivo study was not performed under GLP regulation; however, all procedures were performed in a medical product GLP-adapted laboratory (Hamri Co., Ltd., Ibaraki, Japan). Twentyone sheep were used for qualitative analysis of IVD degeneration. A total of 83 IVDs were randomly allocated to the intact control (7 discs), discectomy alone (10 discs), and UPAL gel (10 or 11 discs) groups. After preliminary intramuscular medication (xylazine, 0.2 mg/kg; ketamine, 20 mg/kg), maintenance narcosis was achieved by inhalation anaesthesia (isoflurane). All of the sheep were operated on via a right lateral retroperitoneal approach, and each disc was subjected to standard microdiscectomy. An AF incision (5 × 3 mm) was made [39] , and 0.10 g of NP was removed from each IVD [39, 41, 42] . In the UPAL gel group, disc defects were filled with UPAL solution (100-200 μl) and injected with 102 mM CaCl 2 solution (3 ml) on top of the UPAL solution, as for the rabbit model. The volume of UPAL solution depends on disc preparation. The sheep were sacrificed by intravenous injection of overdosed pentobarbital at 4, 12, and 24 weeks after surgery.
MRI analysis
T2-weighted midsagittal images of the IVDs were obtained using a 7.0-T MR scanner (Varian Unity Inova; Varian Medical Systems, Palo Alto, CA, USA) for the rabbit model [8, 9] and a 3.0-T MR scanner (MAGNETOM Prisma; Siemens, Munich, Germany) for the sheep model. The Pfirrmann classification scheme was applied to grade IVD degeneration [32] . Quantitative analysis was also performed to determine the MRI index using Analyze software v10.0 (AnalyzeDirect, Overland Park, KS, USA) [8, 9] . All image assessments were performed by three independent observers who were blinded to the samples, and the mean of the three evaluations was recorded.
Histological analysis
After MRI analysis, each IVD was processed for IHC staining. Midsagittal sections (5-μm thick) were stained routinely (using haematoxylin and eosin; H&E) or using safranin O-fast green for evaluation of proteoglycan expression. The discs were evaluated semi-quantitatively and graded from 0 (normal) to 5 (highly degenerative) [49, 50] in the rabbit model and from 0 (normal) to 36 (highly degenerative) [51] in the sheep model. For appropriate evaluation for each rabbit and sheep IVD, different grading systems were used in each animal model. All image assessments were performed by three independent blinded observers, and the mean of the three evaluations was recorded.
IHC analysis
IHC staining was performed to detect collagen type I and II (not procollagen type I and II forms) (rabbit, sheep), alginate (rabbit, sheep), GD2 (rabbit), and Tie2 (rabbit). For GD2 and Tie2 staining, NP tissues were embedded in optimum cutting temperature (OCT) compound (Sakura Finetek, Tokyo, Japan) and snap-frozen in liquid nitrogen before fixing them in 4.0% paraformaldehyde (4°C, 5 min) for sectioning. To prevent NP tissues from spreading into the fixing solution, before sectioning, paraformaldehyde was applied on the whole-frozen (in OCT) samples.
For the rabbit model, mouse monoclonal antibodies to type I collagen (1:100; Sigma-Aldrich, C2456), type II collagen (1:50; Daiichi Fine Chemical, F-57, Tokyo, Japan), or GD2 (1:100; Abcam, ab68456, Cambridge, UK), a goat monoclonal antibody to alginate (1:40 Mochida, CPK-K TB1364), and a goat polyclonal antibody to human Tie2 (1:20; R&D systems, AF313, Minneapolis, MN, USA) were applied. Sections intended for collagen type I and II staining and for alginate staining were deparaffinized in xylene and rehydrated. For IHC of collagen type I and type II, sections were pretreated (15 min) with proteinase K (Dako, Agilent Technologies, Santa Clara, CA, USA), which was not required for IHC to detect alginate. After washing with PBS, sections were treated for 30 min with 1% H 2 O 2 in methanol and then incubated with primary antibody for 60 min at room temperature (for type II collagen) or overnight at 4°C (for type I collagen, alginate, GD2, and Tie2). Sections were then incubated for 30 min in peroxidase (EnVision+ System Kit; Dako) (for type I collagen, type II collagen, alginate, and GD2) or in biotinylated anti-goat IgG + Vectastain ABC kit (Vector USA, Torrance, CA, USA) (for Tie2). Staining was developed using 3,3′-diaminobenzidine hydrochloride (Dako) and Mayer's haematoxylin (Merck, Darmstadt, Germany) as a counterstain. For alginate staining, rabbit NP tissue at 7 days after in vivo UPAL gel implantation was used as a positive control, and NP tissue lacking the primary antibody was used as a negative control. Intact rabbit NP tissue (GD2) and a blood vessel in a rabbit muscle (Tie2) were used as positive controls, and the specimens that were not treated with a primary antibody were used as negative controls (Supplementary Fig. 1 ).
For fluorescence staining, both anti-GD2 and anti-Tie2 were applied immediately after paraformaldehyde fixation. Then, Alexa-Fluor-568-conjugated donkey anti-mouse-IgG (Invitrogen, Thermo Fisher Scientific, A10037) and FITC-conjugated AffinoPure F-Fragment donkey anti-goat-IgG (Jackson ImmunoResearch, 705-096-147, West Grove, PA, USA) were used as secondary antibodies. Cells positive for type I or type II collagen were separately counted in five independent, randomly selected fields , and a goat monoclonal antibody to alginate (1:40; Mochida, CPK-K TB136) were used. The sections were deparaffinized in xylene and rehydrated. After washing with PBS, they were treated for 10 min with 3% H 2 O 2 in methanol, after which protein blocking was undertaken (Protein Block Serum-Free; Dako). Blocking was not needed for alginate staining. The sections were incubated for 60 min at room temperature with primary antibody and for 30 min with peroxidase (EnVision+ System kit; Dako) (for type I collagen and alginate) or Histofine Simple StainMax-PO (Nichirei Biosciences, Burlingame, CA, USA) (for type II collagen). Staining was developed using 3,3′-diaminobenzidine hydrochloride (Dako) and Mayer's haematoxylin as a counterstain. Cells positive for type I or type II collagen were separately counted, as described above. Briefly, the L2/3 and L4/5 IVDs of 36 rabbits were aspirated, and UPAL gel implantation was performed (UPAL gel group) as described above. To evaluate systemic toxicity, we measured body weight changes once every week, food consumption once every week, and haematological and blood biochemical profiles at 26 weeks after surgery and performed urinalysis at 26 weeks after surgery. Weights of principal organs such as heart, lung, and so forth were obtained, along with pathologic examinations and histological assessments (H&E) at 26 weeks after surgery (12 rabbits per group). Histologic assessments (H&E and safranin O staining) of the IVDs were also performed at 4 and 26 weeks after surgery (6 rabbits per group). Tissues were examined for the following: (i) inflammatory response (types of inflammatory cells and degree of infiltration); (ii) presence or absence of fibrous capsule and capsular components; (iii) degeneration or necrosis and proliferation of adipose tissue; (iv) haemorrhage and neovascularization; and (v) test sample residues [52] .
Biological safety testing
Statistical analysis
Sample sizes for the quantitative data in preclinical studies were determined by power analysis using one-way ANOVA, an α level of 0.05, power of 0.8, and effect size of 1.60. All data are expressed as the means ± standard error (SEM). One-way ANOVA, two-way ANOVA, and Tukey-Kramer tests were applied for multigroup comparisons. Unpaired Student's t-test or Pearson's chi-squared test were invoked for two-group comparisons. We carried out randomization of samples and were blinded to the samples being tested. All statistical computations were performed in JMP Pro v13.0 statistical software (SAS Institute, Cary, NC, USA) with a significance threshold of p b .05.
Results
Effects of UPAL gel on human NP cell viability
Although UPAL gel is intended as an acellular vehicle, it is important to understand its biocompatibility with human NP cells for its potential clinical use, compared to the traditional commercial-grade alginate that was used in the experimental in vitro study. We therefore first investigated the impact of UPAL gel ( Supplementary Fig. 2 ) on human NP cells. Non-degenerate human NP cells obtained from human donors were suspended in UPAL gel or commercial-grade alginate gel (CAL) solution (2% w/v), and gels were then formed by CaCl 2 . Because the viscosity of CAL gel was 400-600 mPa/s, we prepared same viscosity for the UPAL gel as a normal viscosity UPAL gel (NV-UPAL gel). In addition, low viscosity (LV-) UPAL gel (viscosity:100-200 mPa/s) was used to investigate the effects of viscosity on NP cell viability. The resultant 3D NP cell-alginate gel beads were then cultured for 28 days before assessing NP cell viability, apoptosis, and proliferation using confocal laserscanning micrographs (CLSM) or flow cytometry (FCM). Whereas CLSM measured the percentage of viable cells, FCM could distinguish viable cells from dead or apoptotic cells. Therefore, early phenotypic changes in NP cells could be assessed via FCM [10] . We did not observe any significant differences in cell viability or apoptosis at various time points between the CAL gel, LV-UPAL gel, and NV-UPAL gel groups (Fig. 1a-e, Supplementary Fig. 3) . Similarly, the degrees of cell proliferation in the CAL gel, LV-UPAL gel, and NV-UPAL gel groups at 3 h, 2 days, and 7 days after encapsulation did not differ significantly (Supplementary Fig. 3f) .
We then tested UPAL gel in an established in vitro model of degenerated IVD [9, 10, 33] . To simulate nutrient deprivation of NP cells, which leads to IVD degeneration, human NP cells in 3D alginate composites were cultured for 7 days and then serum-starved for 48 h [9, 10, 33] . Previous reports have demonstrated that serum starvation of NP cells for 48 h is likely to have a sufficient effect for degeneration after 7 days of exposure to 10% serum [9, 10, 33] . The LV-UPAL gel and NV-UPAL gel groups showed no significant differences in NP cell viability or apoptosis in subsequent CLSM ( Supplementary Fig. 4a and b) or FCM ( Supplementary Fig. 4c-e) . Based on these results, and our expectation that the more viscous NV-UPAL gel would be easier for surgeons to handle in the operating room, NV-UPAL gel was utilized in the ensuing experiments.
Comparisons of the NV-UPAL gel and CAL gel groups using CLSM showed no significant differences in viability (Fig. 1a and b , Supplementary Table 1 ). However, a significantly higher percentage of viable cells (p = .0019, Tukey-Kramer test) and a lower percentage of apoptotic cells (p = .0007, Tukey-Kramer test) were evident in the NV-UPAL gel group relative to the CAL gel group using FCM at 48 h after onset of serum starvation (Fig. 1c-e, Supplementary Table 1) . The overall results of these in vitro experiments suggest that the UPAL gel has higher biocompatibility with human NP cells compared to the commercial-grade alginate gel.
UPAL gel showed sufficient biomechanical characteristics without material protrusion after discectomy
We next investigated the mechanical properties of UPAL gel using unconfined compression tests which is the most popular mechanical testing configuration to measure the mechanical properties of cylindrical hydrogel samples. In UPAL gel and CAL gel disc-shaped fabrications (diameter, 4.5 mm; thickness, 2 mm) for unconfined compression detection [7, 36] , the ratio of longitudinal stress to strain for UPAL gel (18.5 ± 4.6 kPa) and CAL gel (18.8 ± 4.2 kPa), representing Young's moduli, were similar to one another and to the ratios of normal human NP tissue [36] (Supplementary Fig. 5a and b) .
Next, we conducted in vitro non-destructive biomechanical testing using cadaveric sheep FSUs. Each FSU was randomly allocated for intact control, discectomy alone, and UPAL gel groups. After standard partial discectomy was performed (see methods section), the UPAL solution was injected into a single FSU in the (NV-) UPAL gel group after discectomy; 102 mM CaCl 2 solution was then injected on top of the UPAL solution for gelation, and biomechanical testing was performed 1 h later. Static testing was performed by applying compressive loads or enacting movements in six directions, using load/movement ranges tested in previous biomechanical models of lumbar reconstruction that reflect daily human activity [38, 47, 53] . For the dynamic axial loading test, a sinusoidal load between −300 N and 300 N at 1 Hz [19] was applied for 1000 cycles.
No herniation of UPAL gel was macroscopically observed throughout static loading tests involving all FSUs (Fig. 2a) . There was no significant difference in the compression stiffness or exerted movements in six directions among the intact control, discectomy alone, and UPAL gel groups (Fig. 2b-f, Supplementary Table 2 ). No herniation of UPAL gel was observed throughout the dynamic loading tests in any of the FSUs (Fig. 2g) . The compression stiffness in the discectomy group was significantly lower than that in the intact control group, whereas the UPAL gel partially restored the stiffness relative to the intact control group ( Fig. 2h and i) . These results indicate that UPAL gel implantation had sufficient biomechanical effects without material protrusion after discectomy under clinically relevant loads in the context of daily human activity.
UPAL gel preserves the water content of IVDs compared to discectomy alone in rabbits and sheep
We next attempted to regenerate IVD using UPAL gel in vivo in rabbit and sheep models. We chose these models to assess the efficacy of UPAL gel, overcoming the differences in animal species. In the rabbit model, a total of 70 IVDs from 24 adult rabbits were randomly allocated to the intact control (7 or 8 discs), aspirated alone (8 discs), and UPAL gel (8 discs) groups. In the sheep model, 83 discs from 21 skeletally mature sheep were randomly allocated to the intact control (7 discs), discectomy alone (10 discs), and UPAL gel (10 or 11 discs) groups. Briefly, rabbit or sheep discs were surgically exposed by a lateral retroperitoneal approach (see method section). After NP aspiration (rabbit) or discectomy (sheep), the disc cavities were filled with UPAL solution; CaCl 2 was subsequently injected on top of the UPAL fill solution for Fig. 6, Supplementary Movie 1) . Five minutes later, the operative wound was irrigated with normal saline and closed.
Degenerative changes in rabbit lumbar IVDs were analysed qualitatively by magnetic resonance imaging (MRI), capturing T2-weighted, midsagittal images (Fig. 3a) . IVD degeneration was scored according to the Pfirrmann classification [32] on a 5-point scale, combining signal loss and loss of height of the IVDs (grade 5 was categorized as severely degenerated). The MRI index (the product of the NP area and the average signal intensity) [8, 9] was used to calculate degenerative change of the NP. Signal intensities diminished over time in the surgically removed IVDs and were higher in the UPAL gel group than in the aspirated alone group. The Pfirrmann grades in the UPAL gel group were significantly lower (p b .0001, Tukey-Kramer test) than those in the aspirated alone group (Fig. 3b) . In addition, the MRI index in the UPAL gel group was significantly higher (p b .0001, Student's t-test) than that in the aspirated alone group (Fig. 3c) . Sheep lumbar IVDs were also analysed to qualitatively assess degenerative changes (Fig. 3d) . The Pfirrmann grades in the UPAL gel group were significantly lower (p = .0377, Tukey-Kramer test) than those in the discectomy alone group (Fig. 3e) . Furthermore, the MRI index in the UPAL gel group was significantly higher (p = .0310, Student's t-test) than that in the discectomy alone group (Fig. 3f) . These MRI assessments suggest that UPAL gel preserved the water content of IVDs compared to discectomy alone. 
UPAL gel prevents IVD degeneration after discectomy in rabbits and sheep
The UPAL gel was not visible in MR images (data not shown). However, because the injected UPAL gel is highly hydrophilic, it would presumably result in greater hyperintense regions upon T2-weighted imaging than in the surrounding tissue; hence, we also performed histological evaluation of the IVDs. In rabbits, intact control specimens had typical, oval-shaped NPs, with no structural collapse of the inner AF ( Fig. 4a and b) . In aspirated alone specimens, the inner AF was collapsed, and fibrotic changes of NPs were observed at all of the time points examined. However, the inner AFs of UPAL gel-treated specimens appeared relatively well preserved, with minimal fibrosis of NPs (Fig. 4a  and b) . Accordingly, the scoring of degeneration in the UPAL gel group, as assessed by histology, was significantly lower (p b .0001, Tukey-Kramer test) than that in the aspirated alone group (Fig. 4c) . As in the sheep model, scar formation or granulation tissue increased over time in the IVDs of the discectomy alone group (Fig. 4d and e) , whereas the IVDs of the UPAL gel group showed less degeneration (Fig. 4d) . Histologic degeneration scores in the UPAL gel group were significantly lower (p b .0001, Tukey-Kramer test) than those in the discectomy alone group (Fig. 4f) . These results suggest that UPAL gel prevented IVD degeneration compared to discectomy alone.
UPAL gel promotes extracellular matrix production in NP in rabbits and sheep
In both the rabbit and sheep models, the percentage of type I collagen-positive NP cells was significantly lower in the UPAL gel group than in the aspirated alone (p = .0436, Tukey-Kramer test) or discectomy alone (p b .0001, Tukey-Kramer test) group ( Supplementary  Fig. 7a-d) . In addition, the group with UPAL gel-treated IVDs harboured a significantly greater percentage (p b .0001, Tukey-Kramer test) of type II collagen-positive cells within NPs than the aspirated or discectomy groups ( Fig. 5a-d) , suggesting that UPAL gel promoted extracellular matrix production in NP that is an essential aspect of NP cell function.
UPAL gel is bioresorbable in rabbits and sheep
Immunohistochemical (IHC) staining using an anti-alginate antibody showed that alginate was present in the IVDs at 4 weeks after surgery, but that it had disappeared by 12 weeks after implantation in the rabbit model ( Supplementary Fig. 8a ) and by 24 weeks after implantation in the sheep model ( Supplementary Fig. 8b ). These results suggest that UPAL gel is a bioresorbable biomaterial.
UPAL gel is not toxic in rabbits
To evaluate the toxicity of UPAL gel not only in the implanted IVDs, but also in principal organs such as the heart, lung, etc., we used a rabbit model to perform biological safety testing based on International Organization for Standardization (ISO) and Good Laboratory Practice (GLP) standards. These local and systemic evaluations are thought to be fundamental for the preclinical proof of concept (POC) test. Body weight change, food consumption, haematologic and blood biochemical profiles, and urinalysis were examined. There were no changes related to UPAL gel using this battery of tests (Supplementary Tables 3-5) . Histologic examination, including inflammatory response of principal organs and IVDs, revealed no significant differences between the aspirated alone and UPAL gel groups (Supplementary Tables 6 and 7 ). We thus conclude that UPAL gel did not cause any systemic toxicity or injuries to tissues at implantation sites under the experimental conditions of this study. (Fig. 6a-c) . Because there were no endothelial cells in NP tissues [8] [9] [10] , the observed Tie2 + cells were not of an endothelial lineage. These results suggest that persisting NP progenitor cells were recruited and enriched by the UPAL gel, resulting in endogenous IVD repair.
Discussion
Because the regenerative capacity of IVDs is limited, defects created by discectomy may cause inadequate tissue healing and reherniation or may predispose patients to later IVD degeneration. In the present study, the UPAL gel shows higher biocompatibility with human NP cells than that showed by commercial-grade alginate gel and promotes extracellular matrix production, showing sufficient biomechanical characteristics without material protrusion. In addition, the UPAL gel demonstrates the lack of immunogenicity in the in vivo biological safety testing based on ISO and GLP standards which is an important issue, especially for translation of UPAL gel to human trials. The findings of this study underscore the potential safety and efficacy of UPAL gel as an acellular endogenous reparative therapeutic strategy after lumbar discectomy that shows superiority to discectomy alone.
We intended to confirm that the gel was not herniated under several loading conditions. In particular, the AF plays a major role under bending and torsion loading because the distance from the center of rotation is longer in AF than in NP. The present surgical procedure is based on the standard clinical surgical technique for lumbar IVD herniation; therefore partial discectomy does not result in significant loss of mechanical instability of the IVD, except for the AF defect. However, no gel herniation was observed. Subsequently, to evaluate the mechanical properties of the FSU, stiffness of the FSU was evaluated as a whole spinal unit, not as a local IVD, revealing no significant difference between discectomy alone and UPAL gel implantation.
Increasingly, researchers are pursuing stem-cell-based therapies as a means of regenerating musculoskeletal tissue, with an emphasis on the expansion and transplantation of progenitor cells [54] [55] [56] . There are many challenges in this regard, including immune rejection, pathogen transmission, potential tumourigenesis, and host tissue engraftment [54, [57] [58] [59] . Matrix-based medicine offers an alternative, single-step process involving biomaterials that are cell-free and that can be stored for long periods of time, allowing on-demand treatment of IVDs after lumbar discectomy [60] . Our investigation has produced histologic evidence that the intradiscal injection of UPAL gel could suppress IVD degeneration after discectomy and significantly boost the percentage of type II collagen-positive cells, thereby promoting extracellular matrix production, which is an essential aspect of NP cell function.
In this study, the percentage of GD2 + Tie2 + progenitor cells increased significantly at 2 and 4 weeks after UPAL gel implantation, although long-term assessments are lacking due to the limited availability of test rabbits. It has been speculated that vertebral bone marrow may be a source of migratory cells for degenerative IVDs [13] . However, this concept does not seem tenable, given the avascular nature of IVDs [13] . Typically, NP progenitor cells form aggregates that express type II collagen and aggrecan, and their clonal multipotency allows mesenchymal lineages to emerge for tissue reconstruction [48] .
Although it is inherently nondegradable [7, 61] , which is presumably an asset for our purposes, the UPAL gel was not visible at week 12 in rabbits and week 24 in sheep after implantation, suggesting that it progressively declined through physiological ion replacement (divalent to monovalent), hydrolysis, or was perhaps depleted via cellular encapsulation [7] . It therefore seems likely that viable endogenous NP cells migrated to post-discectomy wounds filled with UPAL; persisting NP progenitor cells were also most likely recruited and enriched in the early post-discectomy phase by the implanted biomaterial, resulting in endogenous IVD repair (Fig. 7) .
Our acellular UPAL gel product can be packaged at a GMP/GLP facility and shipped to medical institutions that perform open or endoscopic discectomies. The surgeons can simply inject the biomaterial into cavitary discectomy defects. Because residual NP tissue represents a potential source of reparative cells, the quantity of NP tissue in IVDs and the magnitude of degenerative changes may impact the ability of these cells to migrate, differentiate, and aid in IVD repair [14] . We are now conducting a first-in-human clinical trial in which the UPAL gel will be applied for lumbar IVD herniation in young patients in their 20s-40s.
The in vivo models of IVD degeneration implemented in our study were generated from healthy IVDs, which might display natural healing tendencies. Healing conditions in the animal models were perfect: fresh wound, one sharp defect, no inflammation. In reality, most of the surgery are performed days or weeks after herniation (most of the times a conservative treatment is used first), thereby eliciting a strong inflammatory response and inducing degeneration (fibrosis) of NP and AF. Furthermore, the AF probably has more weak spots, similar to the contra-posterolateral area of the AF: if the gel is injected, there is a risk of reherniation on the other side of the disc. An acellular matrix-based medicine may be inappropriate in elderly population. Further in vivo animal investigations of product combinations, such as UPAL gel plus stem cells (i.e., bone marrow mesenchymal stem cells), are needed to chronicle the course of degenerative IVDs from their onset. These further researches might address whether the UPAL gel is widely applicable even for elderly population or whether the gel is useful as a carrier for the cell therapy. Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.10.055.
